Magnetic methods are efficient tools in soil and environmental science. But in such natural environments, several magnetic carriers are generally present. So, synthetic standard samples are necessary for calibration of laboratory techniques. The aim of this study was to synthesize goethite free of magnetic impurities (concentration < ~1 µg kg -1 ) with different crystal sizes. Goethite was prepared by oxidation of aqueous suspensions of Fe(OH) 2 precipitates. Final products were characterized by X-ray diffraction, infrared spectroscopy, scanning and transmission electron microscopy and magnetic methods. Goethite could be obtained in the absence of any trace of strong magnetic carriers using FeSO 4 • 7H 2 O and NaOH as reactants with the following experimental conditions: temperature = 45 °C, [FeSO 4 • 7H 2 O] = 0.50 mol L -1 , [NaOH] = 0.20 mol L -1 , stirring speed = 760 rpm. The Fe(II) concentration and the stirring speed were varied. It proved possible to modify the size of the goethite crystals by varying the Fe(II) concentration and the stirring speed, but important changes of these parameters induced the formation of other phases, lepidocrocite when the oxidation reaction was drastically accelerated and Fe 3 O 4 when the reaction was slowed down.
Introduction
In natural environments such as soils, iron oxides (i.e. oxides, hydroxides, oxyhydroxides) are generally present in small quantity (which could be lower than g kg -1 ), even though their presence and distribution depend on the availability of iron and on environmental conditions [1, 2] . This weak concentration, the small crystal size and the low crystallinity make difficult the study of these compounds by spectroscopic methods and diffraction techniques. In some cases information can be obtained by use of selective methods only sensitive to iron, e.g. 57 Fe Mössbauer spectroscopy or X-ray absorption spectroscopy at the Fe-K edge. Some iron oxides can also be studied with high resolution thanks to their magnetic properties, with semi-quantification for concentrations in the order of mg kg -1 [3] .
The magnetic parameters measured are related to the capacities of magnetisation, their dependence to field intensity induced and temperature. Remanent magnetisation is for instance a parameter commonly studied. The magnetic properties depend on nature, concentration, and crystal size of magnetic carriers. Pure samples with controlled crystal size are then necessary for calibration of protocols. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . These parameters also influence the size and morphology of the crystals, and the crystallinity of the final product [15] [16] [17] . Note that under natural conditions, various species such as phosphates or silicates can hinder crystal growth and heavily influence reaction pathways.
Goethite (α-FeOOH) is one of the magnetic carriers commonly found in natural environments (soils, sediments, etc…). As a matter of fact, the oxidation of Fe(II) will be the preferred natural pathway for its formation. Goethite is characterised by a weak capacity to carry remanent magnetisation (it is imperfect antiferromagnetic at room temperature), and the saturation is reached for magnetic fields beyond the instrumental means usually available [18] . A study of the magnetic properties of goethite implies the absence of any traces of other magnetic phases such as magnetite, maghemite or hematite that have a strong magnetic signal with weak magnetic fields.
This study was then devoted to the synthesis of goethite by oxidation of aqueous suspensions of Fe(II) precipitates. The first objective was to specify the experimental conditions adequate to prepare goethite without strong magnetic carriers, or more exactly so that other magnetic phases can not be detected by magnetic measurements. The second objective was to clarify the influence of various parameters, namely stirring speed and concentration of reactants, on the formation of goethite and on its crystal size. [6, 9, 10, 12] . Goethite forms preferentially with a large excess of OHions, e.g. R = 0.2, or with a large excess of Fe 2+ ions, e.g. R = 2.5 [6, 9, 10, 12, 15] , with respect to the stoichiometric conditions of the precipitation of Fe(OH) 2 , that is R = 0.5 according to the reaction:
As the kinetics of the reaction is controlled by the reduction of dissolved O 2 , temperature is another important parameter since it modifies the solubility of oxygen. For the largest temperatures (low solubility of oxygen), typically T ≥ 60 °C, Fe 3 O 4 forms preferentially [7, 8, 10] . For the lowest temperatures (larger solubility of oxygen), T ≤ 20 °C, lepidocrocite γ-FeOOH is favoured [8, 9, 11] . This explains why goethite is often obtained at intermediate temperatures, between 25 and 45 °C [8, 9, 11, 12, 15] . A c c e p t e d m a n u s c r i p t 5 The second experimental reference corresponds to: to 1200 rpm were then tested whereas [FeSO 4 • 7H 2 O] was varied from 0.1 to 1.0 mol L -1 .
Goethite characterisation and crystal size analysis
Final products were characterised by powder X-ray diffraction (PXRD), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), scanning and transmission electron microscopy (SEM and TEM) and magnetic methods. The powders were obtained after centrifugation of the precipitates, drying and crushing. Each sample was rinsed thoroughly so as to remove the soluble salt (Na 2 SO 4 ) that forms during drying.
PXRD analyses were performed on a Bruker AXS® D8-Advance diffractometer in
Bragg-Brentano geometry using CuKα radiation (λ = 0.15406 nm). The acquisition time was 5 seconds with 2θ varying from 10 to 60° by steps of 0.04°. No internal standard was added for peak position calibration. The mean coherence lengths were estimated from XRD line broadening using the Scherrer formula:
where D hkl is the mean coherence length of the particles in the direction perpendicular to the (hkl) planes, λ the wavelength of the X-rays, w the full width at half maximum of the hkl diffraction line at 2θ hkl . The width at half maximum w was corrected from the instrumental line broadening (~0.04° at 2θ hkl ~ 20°) determined from the XRD analysis of a standard quartz sample.
DRIFTS measurements were performed at ambient temperature on a Thermo Nicolet
FT-IR Nexus spectrometer using a KBr beamsplitter, a DTGS detector and a Smart Diffuse
Reflectance accessory. The spectra were recorded with the Omnic software at a resolution of 4 cm -1 , with 64 scans and a gain of 1. The powder to be analysed was diluted in KBr (95% [3, 22] .
For instance T b is ~60-120°C for goethite and ~575°C for magnetite [22] .
For magnetic measurements, samples (2 cm 3 ) were consolidated using kaolin treated with acids and SiO 2 powder obtained by sol-gel process [23] . For thermal demagnetisation, IRM on three orthogonal axes were successively acquired in three decreasing magnetic fields: 9 T, 3 T and 0.5 T. Thermal demagnetisation was carried out with a Magnetic-Measurements MMTD 18 thermal demagnetiser. The sample was heated, cooled back to room temperature in zero magnetic field and the remanence was then measured. This operation was repeated with increasing temperature, up to total demagnetisation (< 1%). Temperature steps were 20°C, in the range considered here (60-140°C).
Experimental results

Synthesis of goethite without strong magnetic carriers: influence of stirring speed and FeSO 4 concentration
First, goethite was prepared according to the experimental conditions of reference A c c e p t e d m a n u s c r i p t 9 derived from previous works. In each case only goethite could be detected with the PXRD and DRIFTS analyses; results for conditions (II) are presented hereafter. Magnetic measurements were then performed. Figure 1 presents the BF-IRM curves obtained for each sample. They are clearly different. With the sample prepared in conditions (I), the magnetisation increased rapidly with a step of saturation. This behaviour is characteristic of a ferrimagnetic phase. It is more likely magnetite, as maghemite does not form in these conditions [10] , and its approximate concentration would then be 1 ±1 g kg -1 . This illustrates the sensitivity of magnetic methods with respect to the detection of magnetic iron oxides. In contrast, the curve obtained with the sample prepared in conditions (II) is typical of an imperfect antiferromagnetic compound such as goethite. Consequently, experiment (II) was chosen as the unique reference for the rest of the study. modifies the crystallinity and/or the crystal size. Note also that the small signal-to-noise ratio of the pattern of goethite obtained with the smaller Fe(II) concentration is also more likely due to the decrease of crystallinity and/or crystal size.
The infrared spectra were acquired from 400 to 4000 cm -1 but the main changes occurred between 400 and 1400 cm -1 . Fig. 3 is then focused on this wavenumber interval. The main vibration bands generally attributed to goethite [24] are found in any case at 630, 795
and 890 cm -1 . The main vibration bands of lepidocrocite, at 610, 750, 1020 and 1150 cm -1 [25] are visible for 0.1 and 0.125 mol L -1 , in agreement with XRD analysis. However, a small band at 1020 cm -1 is seen at S = 1200 rpm, indicating that lepidocrocite was also obtained with the largest stirring speed. Additional bands at 975, 1055 and 1130 cm -1 may be attributed to sulphate ions adsorbed on the surface of the goethite crystals [26] .
Magnetic characterisation was performed to study the magnetic properties of goethite and to determine if other magnetic phases had formed (Fig. 4) . Lepidocrocite is paramagnetic at ambient temperature and cannot be detected by magnetic measurements. Fig. 4a shows that magnetisation rapidly increases with a step of saturation at about 0. 4 ] decreases, that is when the kinetics of the reaction increases. An increase of the kinetics favours lepidocrocite, not magnetite [6, 16] . So this phenomenon is not related to A c c e p t e d m a n u s c r i p t 11 magnetite formation. Additional magnetic experiments were performed so as to determine its origin. They are described in section 3.3.
Crystal size analysis
Morphology and size of the particles were analysed from images obtained with SEM. Synthetic goethite crystals are acicular, with a large crystal length to crystal width ratio, as seen in Fig. 5 . According to previous works [1] , they are elongated along the [001]
direction (c-axis of the orthorhombic structure with Pbnm space group). Goethite crystals are generally constituted of various domains (also called crystallites or intergrowths) [1, 27, 28] . A c c e p t e d m a n u s c r i p t 13 concentration. So the ratio varied because the width measured by SEM varied whereas the MCL measured by XRD remained constant. The MCL that was observed to vary is D 020 that was divided by a factor 4. D 020 and the width measured by SEM behave similarly. It can be forwarded that this width corresponded in most cases to the elongation of the crystals along the [010] direction (b-axis).
Magnetic behaviour in weak magnetic field
The low coercicity behaviour of goethite could be associated whether to the presence of a ferrimagnetic carrier (e.g. magnetite) in very low concentration or to the presence of defects in the structure of goethite [29, 30] . The results of thermal demagnetisation of goethite obtained using the experimental conditions of reference (II) are presented in Fig. 6 . The decay of remanence intensity was measured after each thermal demagnetisation step. The little hump at 100°C on the curve for 0.5 T is more likely due to misorientation in the magnetometer. The main result is that demagnetisation occurred for an unblocking temperature of 120°C. This value is characteristic of goethite [22] which excludes the presence of magnetite. This is not a surprise as magnetite formation is favoured by the decrease of the stirring speed and the increase of the Fe(II) concentration while the low coercivity behaviour increases when these parameters vary in the opposite direction.
But it can be proposed that the low coercivity behaviour of goethite is related to traces of another magnetic compound, δ-FeOOH. This phase is generally considered as ferrimagnetic below T c ≈ 170 °C where the spins are parallel to <001> [31] [32] . Moreover, the temperature of transformation of δ-FeOOH into goethite and hematite (120-150°C) [1, [33] [34] is close to the temperature of demagnetisation of goethite measured above.
A c c e p t e d m a n u s c r i p t 14 
Discussion
The traces of δ-FeOOH could correspond to the crystals observed on the TEM micrograph of Fig. 5b and/or to domains inside the goethite crystals that would have a structure close to that of δ-FeOOH. This assumption is based on the crystallography of This study by Olowe et al. [15] was devoted to the influence of Fe(II) concentration on goethite formation in experimental conditions close to the reference conditions (I) described above. In this case, the ratio R being equal to 0.2, there is an excess of NaOH with respect to the precipitation of Fe(OH) 2 and goethite forms directly from Fe(OH) 2 . Lepidocrocite can not form. So, when the Fe(II) concentration became too small for goethite to form, another compound was obtained. Its XRD pattern was very similar to that of δ-FeOOH [15] . Olowe et al. [15] also observed progressive small changes on the XRD patterns of goethite. These changes indicated that the disordering of Fe 3+ cations increased gradually as the Fe(II)
concentration decreased, that is as the oxidation became faster.
A c c e p t e d m a n u s c r i p t 15 It may be assumed that a similar disordering occurred in our experimental conditions when the oxidation was accelerated. The main difference is that in our conditions, where R = 2.5, Fe(OH) 2 is oxidised first into the Fe(II-III) hydroxysulphate green rust [10] , that is oxidised in turn into goethite. Then, goethite is obtained from the green rust. This explains why lepidocrocite, the main oxidation product of green rusts [10, 12, 13] , has been obtained for the fastest reactions. The formation of lepidocrocite implies that the total disordering leading to the formation of δ-FeOOH instead of α-FeOOH can not be observed in our experimental conditions. But, due to the structural similarity between those compounds, it is probable that traces of δ-FeOOH have formed or that domains structurally similar to δ-FeOOH have grown inside the multidomainic goethite crystals, explaining the low coercivity behaviour observed in our samples.
Conclusion
The formation of goethite by oxidation of Fe(OH) 2 For weak magnetic fields, a low coercivity saturation step was also detected. Its importance increased with increasing oxidation speed that is with increasing disorder in the arrangement of Fe 3+ cations in the goethite structure. It is known that this disorder ultimately leads to the formation of δ-FeOOH [15] , a ferrimagnetic compound. The low coercivity behaviour observed here may then correspond to traces of δ-FeOOH or to domains structurally similar to δ-FeOOH inside the multidomainic crystals of α-FeOOH. The formation of δ-FeOOH crystals or δ-FeOOH-like domains inside goethite crystals is more likely inherent in goethite formation, due to the structural similarity between those phases. m a n u s c r i p t m a n u s c r i p t 20 m a n u s c r i p t 21 
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